Abstract. Neospora is a cyst-forming coccidian parasite that causes abortions and neuromuscular disorders in a wide variety of mammals. Japanese bovine isolate JPA1 was inoculated intraperitoneally into BALB/c nu/ nu (athymic nude) and BALB/c (congenic wild type) female mice to examine the distribution of parasites and resistance mechanisms to Neospora infection. All the athymic nude mice died within 28 days after intraperitoneal injection of 2 ϫ 10 5 JPA1 tachyzoites, whereas all the congenic wild type mice survived without exhibiting any clinical signs. Tachyzoites were identified in the uterus and pancreas and later spread to many other organs. Most tachyzoites identified in the necrotic foci were localized in the epithelium of the venules and capillaries. Nude mice developed high level of serum interferon-␥ and interleukin-6 as infection proceeded. Inflammatory response to Neospora infection might be mediated by Th1-type dependent cellular immunity.
Neospora is a cyst-forming coccidian parasite that causes abortions and neuromuscular disorders in dogs and cattle. 1 Neospora can infect a wide range of mammals, including dogs, cattle, goat, sheep, horses, deer, foxes, raccoons, and coyotes. 6 Experimental infections have been reported in cats, mice, rats, gerbils, and rhesus macaques (Macaca mulatta). 6 Among these animals, mice have been used frequently to examine the mechanism of Neospora infection. [8] [9] [10] [11] [12] 19, 22, 24 In these infection experiments, immunosuppressed and immunodeficient mice, such as those treated with methylprednisolone acetate, [9] [10] [11] and athymic nude mice 19, 22, 24 developed severe clinical signs and often died. Athymic nude mice were also useful for isolating the parasite from bovine tissues infected with Neospora. 19, 24 Furthermore, interferon (IFN)-␥ knockout mice 14 and mice treated with antibody against IFN-␥ 8 were highly susceptible to Neospora infection and developed severe clinical and pathologic changes. Therefore, cytokines may suppress the propagation of Neospora tachyzoites and may be related to susceptibility to infection. Despite many reports of murine experimental infections with Neospora, only limited information on detailed parasite propagation in organs and cytokine production in Neospora-infected mice is available.
In this report, we investigated the sequential clinical and histologic changes in athymic nude and congenic wild type female mice experimentally infected with Japanese isolate JPA1 of Neospora were investigated. 23 Also, Serum cytokine levels in these mice were measured to investigate the immunologic responses of infected animals.
Materials and Methods

Preparation of bovine Neospora caninum
The Japanese isolate of Neospora caninum, JPA1, was routinely maintained in a monolayer culture of the monkey kidney cell line Vero, as described previously. 23 The tachyzoites of JPA1 were scraped with a plastic cell scraper, passed through 21-gauge needles, and suspended in Hanks' balanced salt solution. The tachyzoites were purified by passage through a sterile 3-m-pore nitrocellulose membrane filter and suspended in phosphate-buffered solution (PBS) at a density of 2 ϫ 10 5 tachyzoites/ml.
Mice
Female inbred BALB/c nu/nu (athymic nude) and BALB/ c (congenic wild type) mice weighing 18-22 g were purchased from a commercial supplier (CLEA JAPAN, Japan). The strains were housed in nine groups of three mice each fed rodent chow, and provided water ad libitum. All procedures were followed according to the National Institutes of Health's ''Guide for the Care and Use of Laboratory Animals.'' One group of mice was injected with PBS as the control and the other eight groups were intraperitoneally inoculated with 2 ϫ 10 5 tachyzoites of JPA1 per mouse (day 0). Blood was collected and necropsies performed an inoculated mice on days 1, 4, 7, 14, 21, 28, 90, and 180 postinoculation. Serum samples were stored at Ϫ70 C until serum cytokine measurements were made. 
* Ϫ ϭ no lesion; ϩ ϭ a few bovine Neospora; ϩϩ ϭ some bovine Neospora with lesion; ϩϩϩ ϭ many bovine Neospora with lesion. † Sham-inoculated group. ‡ Lesions were seen in two of three mice. § Mice were dead within 21-28 days postinoculation.
Pathologic examination
Various organs (Table 1) were fixed in a 10% neutral buffered formalin solution. Tissue sections (approximately 3 m thick) were obtained using routine histologic techniques, and sections were stained with hematoxylin and eosin (HE).
Immunohistochemistry
Tachyzoites in the tissues were examined by immunohistological staining with anti-Neospora caninum goat serum (VMRD, USA) as the primary antiserum. An avidin-biotinperoxidase complex (ABC) method was utilized as described previously. 16 To assure specificity of the staining, anti-Toxoplasma gondii serum and normal goat serum were used for staining control sections.
IFN-␥, interleukin (IL)-4, and IL-6 assays
Serum IFN-␥, IL-4, and IL-6 were assayed by commercial IFN-␥, IL-4, and IL-6 sandwich enzyme-linked immunosorbent assay kits with biotinylated anti-mouse IFN-␥, IL-4, and IL-6 monoclonal antibodies (Genzyme Corp., USA). Serum cytokine concentrations were determined using standard curves constructed with fixed amounts of mouse recombinant IFN-␥, IL-4, and IL-6 (Genzyme Corp., USA). These assays were performed using duplicate sera diluted at 1 : 2 according to the manufacturer's protocols. The lowest detection limits were 20 pg/ml, 10 pg/ml, and 20 pg/ml for IFN-␥, IL-4, and IL-6, respectively. The cytokine values were compared between groups were using Student's t-tests (P Ͻ 0.05 was considered significant).
Results
Clinical disease
Anorexia, wasting, and gasping were observed in athymic nude mice inoculated with JPA1 on postinoculation days 18-20. These mice also exhibited various neurologic signs such as ataxia, stiffness, and tetraplegia, and they died within 2-5 days after exhibiting signs. Severe enlargement of the systemic lymph nodes was commonly observed by necropsy in athymic nude mice on postinoculation days 14-21. In contrast, no clinical signs were observed in the congenic wild type mice inoculated with the same number of tachyzoites.
Histopathology and immunohistochemistry
Athymic nude mice inoculated with JPA1 developed acute systemic neosporosis (Table 1) . Multifocal necrosis was one of the major findings in the organs of the athymic nude mice inoculated with JPA1. Most tachyzoites in necrotic foci were localized in the endothelial cells of venules and capillaries ( Fig. 1 ) and in intravascular mononuclear and polymorphonuclear cells. Egg-shaped clusters of tachyzoites were identified in the endometrial stroma (Fig. 2) . Proliferating tachyzoites were also observed in epithelium and debris within the oviducts (Fig. 3) . Extensive multifocal necrosis with slight inflammation was observed in the pancreas. Pancreatic acinar cells (Fig. 4) and epithe- 
lium of intercalated ducts contained numerous proliferating tachyzoites. Tachyzoites were also observed within chief cells and parietal cells of the gastric mucosa. Organisms were observed in pulmonary alveolar epithelium in the lungs. Lesions were scattered randomly in the cerebellum and cerebrum without any regional predilection. No tissue cysts were found in any tissues of athymic nude mice. Mild to moderate inflammation with macrophages, neutrophils, and lymphocytes was associated with the necrosis and parasites in multiple organs of those mice. The inflammation became more severe as the infections proceeded and the number of tachyzoites increased. Many macrophages, lymphocytes, and neutrophils were also observed in subcapsular sinuses of the systemic lymph nodes. In contrast, only a few tachyzoites with slight infiltration by mononuclear cells were identified in the uterus in two of the three congenic wild type mice on day 4 (Table 1) . Neither lesions nor tachyzoites were observed throughout the experiment period in the other congenic wild type mice.
IFN-␥, IL-4, and IL-6 production in JPA1-infected mice
Serum IFN-␥ was detected in the JPA1-infected athymic nude mice on days 1 and 4 and gradually increased toward the end of the experiment (Fig. 5A) . Serum IFN-␥ levels in the congenic wild type mice were also detectable on days 1 and 7.
Significantly increased serum IL-6 was observed in the athymic nude mice on days 14 and 21 (Fig. 5B) . The serum IL-6 levels of the congenic wild type mice were undetectable throughout the experiment.
Serum IL-4 was not detected in any athymic nude or congenic wild type mice throughout the experiment (data not shown). In all the assay procedures, the positive control sera reacted strongly and the negative control sera did not show any detectable reactions. Discussion Athymic nude and congenic wild type mice were infected with the Japanese isolate of Neospora. Athymic nude mice alone developed clinical disease and lesions, and none of them survived more than 28 days after inoculation. Therefore, the increased susceptibility of athymic nude mice to Neospora infection was assumed to be due to the lack of T-cell function, which may play an important role in suppressing propagation of tachyzoites. Athymic nude mice are also expected to be useful for isolating and maintaining Neospora, given their high susceptibility to Neospora infections. 24 Congenic wild type mice inoculated with Neospora did not exhibit any clinical signs. This result agrees with those of some previous reports 6, 8, 9 and disagrees with those of one study, in which seven of 12 congenic wild type mice inoculated with 2 ϫ 10 5 tachyzoites of Neospora (NC-1 strain) died 26-70 days after infection. 12 In the same report, none of the mice inoculated with another Neospora isolate (NC-3) showed clinical signs, indicating that Neospora infections might have isolate-specific pathogenicities. 12 For similar reasons, the JPA1 isolate of Neospora may have lower pathogenicity against congenic wild type mice than the previously reported isolate of Neospora (NC-1). 12 Different strains of T. gondii, a related protozoan, are reported to have wide ranges of virulence in mice. 18, 21 In this study, tachyzoites inoculated intraperitoneally invaded many organs and types of cells in athymic nude mice. Many tachyzoites were found and principal pathogenic changes were identified in the uterus and pancreas at an early stage of infection. This finding was similar to those in previous studies in which tachyzoites were identified in the placenta when 2 ϫ 10 6 tachyzoites were inoculated subcutaneously at late midgestation 13 and in the pancreas when tachyzoites were inoculated into immunosuppressed 8 and immunodeficient 24 mice. In other studies, many tachyzoites and/or lesions were observed in the central nervous system, skeletal muscles, liver, lung, and peripheral nerves. 9, 11, 12 These differences in parasite predilections among studies were partly attributed to the differences in parasite strains, inoculation doses, inoculation routes, and genetic background of the infected mice.
Neospora tachyzoites were identified in the placenta of naturally infected cows and in the uterus and placenta of a female cat experimentally inoculated with N. caninum. 4 Furthermore, vertical transmission of N. caninum 2, 13 and fetal loss 13 due to N. caninum infection were demonstrated in pregnant mice. The inflammation resulting from propagation of tachyzoites in the uterus and placenta may be associated with abortions in these animals. These experimental infections of athymic nude mice with Japanese Neospora isolate JPA1 may be a useful model for examining the mechanisms of abortions and transplacental transmission because many tachyzoites were identified in the mesometrium, uterus, and oviduct. These results also agree with those of some recent studies in which tachyzoites were identified in the pancreas of mice intraperitoneally inoculated with Neospora. 24 In a recent study, dogs orally inoculated with tissue cysts shed oocysts in feces and became a source of horizontal infection. 14 However, other potential animal sources of horizontal infections have not been completely investigated. Neospora tachyzoites may be shed to the environment via the intestinal and reproductive tracts from these immunosuppressed animals; many tachyzoites were identified in the uterus and the pancreatic duct, which is connected to the gastrointestinal tract. Future studies should focus on the identification and infectivities of tachyzoites in vaginal mucus and feces and the prevalence of Neospora in wild animals to clarify the life cycle of this parasite.
The dissemination of tachyzoites in infected animals is not well understood. Blood flow may be the main dissemination route of the parasite, because intravascular tachyzoites were identified in mononuclear and polymorphonuclear cells in the brain of ICR athymic nude mice inoculated with N. caninum. 22 This result agrees with that of a study of T. gondii in which gene amplification and/or cell culture methods were used to identify tachyzoites in the blood of infected mice. 17 However, some researchers have indicated that Neospora might invade the spinal cord via the spinal nerve and later reach the brain through cerebrospinal fluid. 19 The present results indicate that blood flow might be the main route for parasite spread, because tachyzoites were mainly identified in the endothelial cells of venules or capillaries and spread systemically in a short time.
Increased production of IFN-␥ occurred in both athymic nude and congenic wild type mice on day 1 of infection. This finding may have been a result of trauma associated with parasite inoculation (Fig. 5A) . Gamma interferon and IL-6 production in JPA1-infected athymic nude mice on days 14-21 postinoculation appeared to be inflammatory responses because the secretion of these cytokines were associated with systemic inflammation (Table 1) .
In other studies, IFN-␥ knockout mice developed fatal neosporosis after inoculation with NC-1 isolates, 4 and mice with IFN-␥ depleted by neutralizing antibody injection developed clinical neosporosis. 8 Gamma interferon also suppresses intracellular multiplication of the parasite in vitro. 7 These results indicate that IFN-␥ may suppress the parasites' growth. In Toxoplasma infections, IFN-␥ is the major mediator of resistance, 15 and only cells producing IFN-␥ are capable of inducing anti-Toxoplasma effector mechanisms. 3 In Leishmania major infections, the stimulation of natural killer cells and the subsequent production of IFN-␥ played important roles in initiating Th1-type immune response. 20 Therefore, IFN-␥ production and the onset of Th1-type response might be common host defense mechanisms against infection with coccidians, including N. caninum.
The effects of cytokines on host defense mechanisms were examined by measuring the serum cytokine levels of two types of mice with different susceptibilities to Neospora infections. All the congenic wild type mice survived without exhibiting any clinical signs, whereas all the athymic nude mice developed clinical neosporosis and died shortly thereafter. Both types of mice developed elevated levels of IFN-␥ in the early stages of infection. This finding did not completely agree with the results of previous studies and the initial assumption. Serum cytokine levels may not be useful for clarifying the complicated mechanisms of cytokine release within the host defense systems because the serum cytokine levels are influenced by many factors, such as the inflammatory response. Therefore, a causal relationship between parasite propagation and cytokine production may not be easily demonstrated with this method. Future studies may need to focus on the development of cytokines in cells and/or organs, especially in those associated with the immunological responses in Neospora infections.
The major findings in this study were 1) lethality of infection in athymic nude mice within 28 days postinoculation, 2) dissemination of the parasite in various organs of athymic nude mice, 3) tachyzoites identified in the endothelial cells of venules and capillaries, 4) elevated IFN-␥ and IL-6 levels in the serum of infected athymic nude mice, and 5) resistance of congenic BALB/c mice to infection.
